Extracorporeal life support (ECLS) has become standard therapy in the treatment of neonates, children and adults with reversible or potentially reversible respiratory and/or cardiac insufficiency which is refractory to conventional cardiorespiratory support 1 . The choice of bypass (venovenous [VV] ; venoarterial [VA] ) is determined by several factors including quality of myocardial function, patient (and therefore vessel) size and the required flow necessary to ensure delivery of oxygen to tissues to permit correction of lactic acidosis. Assuming correct cannula position for either VV or VA ECLS, and meticulous monitoring of intravascular volume to ensure right atrial filling, virtually every patient with cardiorespiratory failure refractory to conventional therapy should theoretically be supportable by ECLS.
The abdominal compartment syndrome (ACS) results when rising intra-abdominal compartment pressures compromise venous return and cause hypotension refractory to volume resuscitation, ventilatory embarrassment and intra-abdominal organ ischaemia 2, 3 . The phenomenon of ACS complicating paediatric ECLS has been the subject of two recent case reports: in one patient, percutaneous placement of a decompressive peritoneal dialysis catheter allowed continuation of ECLS 4, 5 .
CASE HISTORIES
We present three patients (whose case review was conducted with Institutional Review Board approval) requiring ECLS whose bypass was profoundly Abdominal compartment syndrome complicating paediatric extracorporeal life support: diagnostic and therapeutic challenges M. C. W. LAM*, P. T. YAnG*, P. W. SKIPPEn †, n. KISSOOn ‡, E. D. SKARSGARD altered by ACS. Together, our three cases and the two other published cases illustrate the variability of presentation, the unique challenges of confirmatory diagnosis and options for treatment of ACS in a patient group already at high risk of mortality from underlying disease.
Our three cases and two previously reported cases are summarised in Table 1 .
Case 1
A 16 kg, six-year-old female presented to our emergency department in septic shock. Within a few hours and despite crystalloid volume resuscitation, administration of intravenous cloxacillin and cefotaxime (for suspected necrotising fasciitis), she developed cardiorespiratory failure requiring intubation and mechanical ventilation, and then subsequently, cardiac arrest. With ongoing resuscitation and dopamine and adrenaline infusions, her blood pressure recovered but she remained profoundly unstable and developed progressive lactic acidosis. Chest radiography demonstrated a normal cardiac silhouette and bilateral infiltrates suspicious for either pulmonary oedema or acute respiratory distress syndrome. An echocardiogram demonstrated poor biventricular function.
A decision was made to proceed with VA cannulation with 15 Fr arterial and 23 Fr venous cannulae using a Bio-Medicus ® (Medtronic Inc, Minneapolis, Mn, USA) centrifugal biohead and circuit (which is our institution's standard). Almost immediately, high negative pressure in the venous cannulae was noted, which could only be managed by reducing the pump flows to approximately 30 ml/kg/minute. Venous return and negative pressures improved with near-continuous boluses of crystalloid and blood products. An echocardiogram showed the venous cannula appropriately located within the right atrium, which appeared incompletely filled. There was no evidence of a pericardial effusion. The tip of the arterial cannula was appropriately positioned in the transverse aortic arch. During resuscitation, the abdomen became progressively distended and tense, with swelling and suffusion of the lower extremities. Transduction of venous pressure in the infradiaphragmatic inferior vena cava (IVC) via a venous catheter placed percutaneously in the femoral vein yielded a pressure of 35 mmHg, confirming ACS. An abdominal ultrasound demonstrated massive abdominal wall and bowel oedema and compression of the IVC and hepatic veins, with no identifiable venous waveform. There was a surprising paucity of ascites. Despite massive volume resuscitation (eight units of packed red blood cells, three units of fresh frozen plasma, 1750 ml of 5% albumin), it was impossible to maintain ECLS flows above 50 ml/kg/min without high negative pressure in the venous cannula.
The child developed progressive worsening of her metabolic acidosis with a rising serum lactate to 26 mmol/l and rapidly became moribund. Despite the lack of free fluid on ultrasound, a blind paracentesis was undertaken without benefit. Although diagnostic laparotomy was considered, it was thought unlikely to have a favourable impact on the outcome of this case. The child's pupils were fixed and dilated and ECLS was discontinued after 3.5 hours of attempted support. Blood cultures taken at admission grew Staphylococcus aureus. A request for post-mortem examination was declined by the family.
Case 2
A previously healthy 10 kg, 11-month-old male was transferred from the paediatric ward to our intensive care unit for worsening respiratory status despite inhaled bronchodilators, steroid and aminophylline for presumed bronchiolitis. After a brief trial of biphasic positive pressure ventilation by mask, he required intubation and mechanical ventilation. nasopharyngeal washings revealed the presence of adenovirus and an endotracheal aspirate subsequently grew methicillin-resistant Staphylococcus aureus (MRSA).
His clinical course improved slowly over the first seven days of mechanical ventilation, however on the eighth day he became progressively hypoxaemic and hypotensive with a worsening lactic acidosis refractory to fluid resuscitation and inotropic support, suggesting bacterial septic shock. He was placed on VV ECLS with an 18 Fr OriGen ® (OriGen Biomedical, Austin, TX, USA) double-lumen venous cannula in line with a centrifugal pump circuit, but required immediate conversion to VA ECLS (for severe hypotension requiring cardiopulmonary resuscitation), by placement of a 12 Fr arterial cannula through the right common carotid artery. Despite conversion of both lumens of the double-lumen cannula to venous return, high negative pressures limited the pump flow rate to approximately 30 to 40 ml/kg/min. Echocardiography demonstrated a well positioned venous cannula within a collapsed right atrium and an arterial cannula located just beyond the right carotid artery orifice on the transverse aortic arch. The left ventricle was dilated and poorly contractile, and moderate-sized pericardial and bilateral pleural effusions were seen. Abdominal ultrasound demonstrated a flattened IVC and significant abdominal ascites, so a subxiphoid pericardial window (to exclude pericardial tamponade) was performed and bilateral thoracostomy tubes were placed to ensure that extrinsic compression was not the cause of right atrial underfilling. The incision was extended into the upper abdomen, allowing placement of a suction catheter into the peritoneal cavity. These manoeuvres improved venous return transiently, but continued fluid resuscitation was necessary to support venous return. After administration of more than 200 ml/kg of colloid in total, the baby had developed massive generalised oedema. Although full laparotomy was considered, it was felt that given the high probability of a long ECLS 'run' due to the prolonged period of ventilatory support prior to institution of ECLS, that the morbidity of an open abdomen was unlikely to be offset by any substantial outcome benefit, and so support was withdrawn and the infant died. An autopsy revealed extensive, bilateral necrotising bronchiolitis with pulmonary haemorrhage. There was abdominal ascites and severe bowel, mesenteric and abdominal wall oedema. Blood and lung parenchymal cultures grew MRSA.
Case 3
A 60 kg, 13-year-old boy was a passenger in a motor vehicle which drove off a bridge into a river. The boy was submerged either in or beneath the vehicle for at least 20 minutes and at the time his body was recovered, he was asystolic. He was intubated and administered cardiopulmonary resuscitation. By the time he reached our emergency department, he was in sinus rhythm with a blood pressure of 100/70 mmHg and a core temperature of 25°C. He was observed to have reactive pupils and spontaneous limb movement. He was actively and externally rewarmed but almost immediately developed ventricular dysrhythmias with loss of cardiac output and could not be ventilated except by high pressure hand-bagging. A decision was made to proceed urgently to VA ECLS for cardiorespiratory failure secondary to prolonged asystole and presumed massive freshwater aspiration.
He underwent right neck cannulation with a 25 Fr arterial and a 29 Fr venous cannula, which yielded flows of approximately 2000 ml/minute, which likely represented less than 50% of total cardiac output. Immediately following heparinisation he developed a rapidly taut abdomen and increasingly negative venous cannula pressures with a rising lactic acidosis. With rapid blood product resuscitation ongoing, he was taken for urgent computed tomography scan of his abdomen, which showed a large amount of free fluid and suspected splenic injury (Figure 1 ). An emergency laparotomy was performed, with immediate release of several litres of fresh blood. The abdomen was tightly packed and attention was redirected to the groin, where a 24 Fr femoral cannula was advanced into the IVC and attached to the venous drainage circuit, with immediate improvement in pump flows to over 4000 ml/min. Formal exploration of the abdomen demonstrated an intact spleen, with the only identified source of bleeding being a full thickness rent in the right mesocolon, which was repaired. Abdominal closure was not attempted, mesh reinforced silastic was sewn to the fascial margins and the open wound was packed with saline soaked gauze.
Over the ensuing three days his chest radiograph improved, as did his ability to oxygenate. An electroencephalogram demonstrated abnormal cortical electrical activity. A brain computed tomography scan showed low density change in the thalamus and basal ganglia consistent with central grey matter oedema, with normal appearing cerebral cortex bilaterally, all consistent with a severe hypoxic ischaemic cerebral insult. By postinjury day four, he tolerated weaning of ECLS support and was decannulated, and his abdomen was closed the next day. Over the next three days, his sedation was lightened but there was no clinical evidence of significant neurologic function. A magnetic resonance image scan of his brain was performed on the ninth post-cannulation day and this demonstrated symmetric diffusion changes consistent with acute profound asphyxia involving the thalami, basal ganglia, internal capsule and cortical spinal tracts, with relative cortical sparing. Following discussion with family, a decision was made to withdraw intensive care and he died shortly after extubation.
DISCUSSIOn
ECLS plays an important role in the care of infants and children with severe, reversible cardiopulmonary derangement and regardless of indication for its use, we expect that ECLS should enable adequate oxygen delivery to tissues for the necessary time required for recovery. We report three children (and review two others reported elsewhere) in whom decreased venous return caused by ACS limited the technical efficacy of bypass. Common themes in this unique patient group include sepsis as the primary determinant of the need for ECLS (4/5), a requirement for massive fluid resuscitation, a high mortality rate (4/5) and the significant challenges faced in diagnosing and treating ACS.
When venous return in an ECLS circuit is inadequate, the commonest correctable cause is intravascular volume deficit which may be either absolute or relative (due to vasodilation, venous pooling and alterations in the endothelial barrier resulting in capillary 'leak') 6 . If venous cannula drainage remains inadequate despite sufficient right atrial filling, other correctable causes include a venous cannula which is malpositioned or of inadequate calibre, or extrinsic atrial compression from either cardiac tamponade or tension pneumo/hydro/haemothorax. If, despite corrective steps, venous return to the circuit is persistently inadequate, one needs to consider the possibility of the development of ACS (from either intraabdominal haemorrhage or interstitial or free intraperitoneal fluid accumulation, with or without intestinal pathology) as the cause of inadequate venous return.
Although clinically recognised for decades in neonates undergoing surgical closure of large abdominal wall defects, ACS was only recently formally described in two clinical reports of ACS developing in a total of 13 critically ill children 2, 3 . The criteria used for diagnosis included measured intra-abdominal pressure (by transduced bladder catheter) of >15 mmHg, accompanied by at least two of the following: oliguria or anuria, respiratory decompensation, hypotension or shock and metabolic acidosis. The pathophysiologic mechanisms most responsible for the elevation in intra-abdominal pressure (in cases without intraabdominal haemorrhage) were the development of severe bowel oedema and ascites following crush abdominal injury, and massive capillary leak with presumed intestinal ischaemia/reperfusion injury following resuscitation from hypovolaemic or septic shock. In such cases, the intra-abdominal pressure rise was attributable to a combination of bowel oedema and ascites, and was relieved by urgent laparotomy, resulting in improvements in blood pressure and urine output, ventilatory mechanics and metabolic acidosis.
The development of ACS during the course of ECLS poses challenges for both diagnosis and treatment. Diagnosis of ACS by direct measurement requires that a catheter be in the abdominal cavity, either in the infra-diaphragmatic IVC, or in the bladder or stomach. In a previously reported case of a four-month-old infant with tricuspid atresia who had undergone neonatal modified Blalock Taussig shunt, and developed Escherichia coli sepsis requiring ECLS, ACS was confirmed by direct venous pressure measurement at the time of cardiac catheterisation for emergency atrial septostomy 3 . Despite a confirmed diagnosis, no attempt to treat ACS was made due to the perceived medical futility of any intervention.
In a second previously reported case of a twoyear-old with methicillin-resistant Staphylococcus aureus pneumonia and sepsis, ACS was diagnosed clinically without direct pressure measurement and was adequately treated by peritoneal dialysis catheter placement 4 . Confirmation of ACS (by IVC pressure measurement) was possible in only one of our three cases and this likely reflects a typical scenario of a patient on ECLS, who would have no specific indication for infradiaphragmatic IVC access. However, all patients on ECLS have a bladder catheter and nasogastric tube which provide alternatives for intraperitoneal pressure measurement.
Clinical diagnosis of ACS without pressure confirmation is fraught with difficulty as the respiratory and cardiovascular function and abdominal organ perfusion are largely obscured by ECLS. Moreover, the ECLS patient's profound acuity of illness and potential for precipitous deterioration limit the feasibility of a confirmatory diagnostic procedure (such as IVC catheter placement). Both points underscore the importance of establishing noninvasive (i.e. bladder or intragastric) intraperitoneal pressure monitoring, so that trends can be recognised and the diagnosis suspected before it leads to significant interruption of venous return. Unfortunately, in many patients with sepsis who ultimately require ECLS, ACS has developed insidiously during resuscitation and upon cannulation, is immediately responsible for impairment of venous return, as was noted in cases 1 and 2.
The other controversial aspect of ACS associated with ECLS therapy is that once diagnosed (or strongly suspected), what can (or should) be done? Despite an acceptable spectrum of morbidity associated with laparotomy in the repair of congenital diaphragmatic hernia in neonates on ECLS 7, 8 , the potential role of diagnostic laparotomy in the unstable, heparinised, ECLS patient with proven or suspected ACS requires careful consideration. In the example of fulminant paediatric sepsis (cases 1 and 2 and both previous reports), one needs to consider the infectious agent (if known), illness severity and the likelihood of a reasonable clinical outcome. If a patient is truly moribund, there may be little gained by performing a temporising laparotomy which will do little to affect the overall outcome, especially if there has been an ischaemic intestinal catastrophe either as the primary event or secondary to ACS. On the other hand, in case 3, due to the rapidity of onset of ACS caused by intraabdominal haemorrhage (following heparinisation) in a child with an unknown neurologic prognosis, aggressive decompression with laparotomy seemed appropriate and was well tolerated.
Abdominal cavity decompression without laparotomy is an appealing therapeutic solution for ACS, but likely has limited application in the majority of patients with massive capillary leak on ECLS. In case 1, an abdominal ultrasound showed extensive diffuse oedema of all intra-abdominal organs, with relatively little ascites, and so it is unlikely that attempt to decompress percutaneously would have been successful. However, if the bedside ultrasound were to demonstrate a reasonable quantity of drainable ascites (case 2 and a previous report), the avoidance of full laparotomy by either percutaneous catheter placement or a limited subxiphoid incision would certainly be preferred. For those patients for whom the benefits of diagnostic laparotomy are unclear, but who will soon succumb without some improvement in bypass, there may be value in performing a limited subxiphoid 'mini' laparotomy (that could be combined with a pericardial window, as done in case 2 to absolutely exclude cardiac tamponade) to facilitate drainage of ascites. If there is improvement (even transiently) in venous return in response to peritoneal drainage, this may enable an appropriate selection of patients who would be expected to have a favourable haemodynamic response to diagnostic laparotomy. Figure 2 summarises a proposed diagnostic and therapeutic algorithm that could be used in the patient on ECLS with coexisting ACS compromising venous return.
In summary, all five cases illustrate the challenges facing the team caring for the critically ill infant or child on ECLS who develops diminished venous return and a taut abdomen. Prompt measurement of intra-abdominal hypertension by either an IVC pressure catheter, or by bladder or intragastric pressure monitoring is essential, and if treatment is to be undertaken, the risk of decompressive laparotomy and an open abdomen in a moribund child on ECLS must be balanced against the anticipated reversibility of the primary disease process. Percutaneous decompression requires sonographic demonstration of a reasonable quantity of ascites and may be possible in select patients.
